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We present a relationship among the highest observed neutrino energy (∼PeV) and the neutrino
mass, the weak scale, and the Planck energy: Eνmax =
mν MPlanck
Mweak
. We then discuss some tests of this
relationship, and present some theoretical constructs which motivate the relationship. It is possible
that all massive particles are subject to maximum energies given by similar relationships, although
only the neutrino seems able to offer interesting phenomenology. We discuss implications which
include no neutrino detections at energies greater than PeV, and changes in expectations for the
highest energy cosmic rays. A virtue of this hypothesis is that it is easily invalidated should neutrinos
be observed with energies much great than the PeV scale. An almost inescapable implication is that
Lorentz Invariance is a low energy principle, yet it appears that violation may be only observable
in high-energy astrophysical neutrinos.
I. INTRODUCTION
In 2012, IceCube released a two-year equivalent
data set, observing for the first time high-energy non-
atmospheric neutrino events [1, 2]. The maximum neu-
trino energy was inferred to be ∼PeV. In 2014, IceCube
reported its 3yr data set [3]. In the 3yr sample, the max-
imum neutrino energy was inferred to be ∼ 2 PeV. The
energy resolution on the observed events is ∼ 25%. The
IceCube experiment itself has commented on the appar-
ent cutoff on the neutrino energy. Further credence for a
neutrino cutoff energy arises from the fact that “Glashow
resonance” [4] events (ν¯e + e
− → W− → shower at
Eν¯e = 6.3 PeV) are not yet observed, even though the
effective area for such events is relatively large (and of
course, dependent on the ν¯e flux at Earth) [5]. And even
further credence for a cutoff in neutrino energy comes
form the non-observation of any higher energy neutrino
events in the ANITA [6], RICE [7], Auger [8], HiRes [9],
and Telescope Array [10] experiments, plus the reported
non-observation of higher energy traversing muons in Ice-
Cube.
II. THE RELATIONSHIP
In this Letter we take the evidence for a cutoff in neu-
trino energy seriously (as was done in a strictly phe-
nomenological way in Ref. [11]). We note that a simple
relationship among known energy and mass scales leads
to just the maximum neutrino energy observed at Ice-
Cube. The relationship is
Eνmax =
mνMPlanck
Mweak
(1)
= 1.2
( mν
0.1 eV
)( MPlanck
1.2× 1028 eV
)(
100 GeV
Mweak
)
PeV .
In the above relationship, the neutrino mass, Planck
mass, and weak scale are each scaled by expected val-
ues.1
The variables on the right-hand side of this equation
are numbers, Lorentz scalars; the variable in the left-
hand side is the zeroth component of a four-vector, not
a Lorentz invariant. Thus one must address in what
frame Eq. (1) is expected to hold. Nature has sup-
plied a preferred frame, the cosmic rest frame (CRF).
In the CRF, the CMB temperature is homogeneous and
well-defined, at 2.73K. The four-velocity of the CRF is
uαCRF ≡
(
dx
dτ
)
CRF
= (1,~0). Our Earthly rest frame is
removed from this frame by a non-relativistic boost of
370 km/s, as evidenced in an earthly observation of a
dipole component of the CMB. Since this boost veloc-
ity to the CRF is just 0.12% times the speed of light,
we may neglect this boost in what follows, and take our
1 The factor 1.2
(
100GeV
Mweak
)
may be replaced by 1.0
(
126GeV
mHiggs
)
or
by 0.5
(
247GeV
vweak
)
. The point is that the weak scale enters here.
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2Earth-frame and CRF to be one and the same. Con-
sequently, the maximum neutrino energy in the Earth
frame is also the maximum energy in the CRF. We
may write this maximum energy as a Lorentz invariant,
Eνmax = P
ν
αu
α
CRF, so that all terms in Eq. (1) are now
Lorentz scalars.
Eq. (1) may be construed as the centerpiece of this
paper.
A. Tests and Signatures
This relationship (1) can be easily disproven experi-
mentally. If neutrino events at energies a factor of a few
above the present maximum are observed, then the rela-
tionship is dead. The relationship will also be disproven
if cosmogenic neutrinos [12], expected in the SM with
energies peaking at ∼ 1018 eV, are observed.
The linear dependence of Eνmax on neutrino mass has
implications for the track to shower ratio of observed neu-
trino events at their highest observable energies. In the
normal hierarchy, ν3 is the heaviest neutrino, with fla-
vor content known to be roughly (νe:νµ:ντ ) =(0:1:1); in
the inverted hierarchy, ν2 and ν1 are the heavier neutri-
nos, with collective flavor content known to be (2:1:1).
Thus, a prediction inherent in the relation presented in
Eq. (1) is that if the neutrino masses are hierarchical
(meaning, having distinctly different masses), then the
track-to-shower ratio at Earth will approach 1 : 1 for
the normal hierarchy and 1 : 3 for the inverted hierarchy
at the highest neutrino energies.2 (We have ignored the
lower-energy neutral current events, which are insignifi-
cant within a spectrum falling as a power law.)
Next we present a physical argument that is motivated
by the relationship in Eq. (1).3
B. Theoretical Motivation
Eq. (1) can be re-written as
Γmaxν Mweak = MPlanck , (2)
where Γν ≡ Eν/mν is the usual Lorentz factor.
We note that the same relational equation may apply
for all particles with mass. The next-lightest known par-
ticle to the neutrino is the electron, for which the cutoff
energy according to Eq. (1) would be ∼ 6× 1021 eV well
2 We note the contrast with neutrino decay models [13], for which
it is the flavor content of the lightest neutrinos that determine
flavor ratios (e.g. the track-to-shower ratio) at Earth. Here it
is the heavier neutrinos which determine the high-energy flavor
content.
3 The fact is that we constructed the physical argument for the
neutrino cutoff energy before we found the simple relationship
in Eq. (1).
above what has ever been observed for an electron, and
far above what can be measured since the light, charged
electron at such an initial energy would suffer severe
and immediate synchrotron losses. For the muon, pion,
and nucleon, we get respective maximum energies from
Eq. (1) in the 1024 to 1025 eV range, far beyond what
has been measured in cosmic ray physics. Of course, all
fermions beyond the neutrino have interactions stronger
than weak. Accordingly, it may be that the Eq. (2), with
the weak scale explicitly exhibited on the left-hand side,
only pertains to the neutrino.
We show in Fig. (1) the relationships among Γmax and
maximum energies for some light particles and the Higgs
boson. Also shown, for scale, are the Glashow resonance
energy, the apparent end of the cosmic-ray spectrum, the
GUT energy, and the Planck energy. Notice that Γν
crosses MPlanck/Mweak at Eν ∼PeV, the core observation
of this Letter.
One approach to interpreting Eq. (2) is simply to say
that the Lorentz factor cuts off at a scale given by the
ratio of the two important high-energy mass scales, the
weak and the Planck: Γ = MPlanckMweak ∼ 1017. There is
no reason known to us why this cutoff must occur in
present standard theory. On the other hand, before the
recent IceCube observation of extraterrestrial neutrinos
there has never been an observable particle whose Γ fac-
tor could even approach this enormous but finite value.
In this picture, it seems inescapable that Lorentz Invari-
ance is an emergent symmetry, valid for “low” Γ. [14]
A more intriguing interpretation of Eq. (2) contains dy-
namics. If one postulates that the characteristic “size” of
the neutrino in the rest frame of the decaying parent par-
ticle (charged pion, muon, charmed particle, etc.) is of
order of the inverse weak scale 1/Mweak.
4 Then, accord-
ing to Special Relativity, in the lab frame the neutrino
size is spatially contracted to 1/(ΓνMweak). When this
contracted size is of order of a Planck length 1/MPlanck,
a new phenomenon takes place which effectively removes
the neutrino from observation. Here it is the Planck scale
that initiates the new physics, not an unusual expecta-
tion, though one that has not been considered for neu-
trinos heretofore.
Alternatively, one may postulate that the weak interac-
tion is the characteristic size of space-time foam (perhaps
due to fluctuations in the Higgs vacuum). The character-
istic size of space-time as seen by a relativistic neutrino is
then 1/(ΓνMweak) ∼ 1/MPlanck. Again, it is the Planck
scale that initiates the new physics.
This new phenomenon at the Planck scale may take
several forms. Some possibilities are
(i) Gravity becomes strong for the neutrinos at the
Planck scale, either preventing the formation of the neu-
trino wave packet or presenting a strong cross section for
neutrino scattering off gravity/geometry, with significant
4 The inverse weak scale (100 GeV)−1 corresponds to 2×10−3 fm.
3FIG. 1: Shown are the relationships among Γmax and maxi-
mum energies for the neutrino (0.1 eV mass assumed), elec-
tron, pion, proton, and Higgs boson. Also shown, with verti-
cal lines, are other significant high-energy scales: the Glashow
resonance energy, the apparent end of the cosmic-ray spec-
trum, the GUT energy, and the Planck energy. Notice that
Γν crosses MPlanck/Mweak at Eν ∼PeV, thereby establishing
Eνmax ∼ mν MPlanckMweak ∼PeV as the maximum neutrino energy.
loss of neutrino energy.
(ii) Space-time manifests itself as foam at the Planck
scale, either preventing the formation of the neutrino
wave packet or presenting a strong neutrino-foam scatter-
ing cross-section with significant loss of neutrino energy.
These continued foam interactions are reminiscent of the
quantum Zeno effect.
(iii) Lorentz Invariance is violated (LIV) at the Planck
scale. A simple manifestation of LIV, broken rotational
symmetry, results if space dimensions are latticized at the
Planck scale, as often discussed over the past decades; in
the present context, the manifestation of LIV is the ap-
parent maximum neutrino energy.
(iv) The neutrino may even transit from our brane into
extra space dimension(s) having the scale size natural to
gravity, the Planck length.
More illustrations can be constructed.
What these four illustrative examples have in common
is that when the neutrino size becomes of order of the
Planck length, some new phenomenon occurs that pre-
vents decay into a neutrino, or removes the neutrino itself
from the observable realm. This phenomenon is summa-
rized mathematically in our Eq. (1).
It is desirable to propose tests that discriminate among
various models of the new phenomenon, though it seems
premature to do so in any detail. The whole class of
such models first needs verification of a continued cutoff
at ∼PeV in the face of improved statistics. Still, there ar-
guments presented above for a maximum neutrino energy
fall into one of two classes: either the neutrino can be
produced with Eν > E
ν
max and subsequently lose energy,
or the neutrino can only be produced with Eν ≤ Eνmax.
There is a marked difference between the two classes,
leading to possible discrimination. In the former case,
there will be a mild pileup of neutrino events in the bin
of size ∆E at Eνmax, given by the integral contribution
above Eνmax, i.e.,
Eνmax
α−1 , where α, assuming a power law,
is the spectral index continued above Eνmax. Also, in the
latter case, but not in the former case, high-energy decays
of parent particles to final states that otherwise would
contain neutrinos are suppressed; this increases the par-
ent’s lifetime, or even stabilizes the parent (as has been
noted recently for the pion parent [11]).
Perhaps the weakest link in our model construction
of an attainable Planck length when a neutrino is suf-
ficiently Lorentz-boosted, is the association of the un-
boosted “size” with the inverse weak scale. Still, it is
not unreasonable that the neutrino at production should
somehow be intimately aware of the weak-interaction
scale. Alternatively, it does not seem unreasonable that
fluctuations in spacetime may have a characteristic scale
given by the inverse of the Higgs vev (247 GeV) or Higgs
mass (126 GeV).
III. DISCUSSION AND SUMMARY
We have presented in Eq. (1) a relationship among
known quantities that results in a new neutrino scale of
a PeV. Faced with the recent IceCube observations of
astrophysical neutrinos with energies up to ∼ 2 PeV but
none beyond, nor any other neutrino observations from
other experiments probing higher energies, it is tempting
to associate this new scale with a maximum observable
energy for neutrinos in our 4D Universe, Eνmax.
We have offered sketches for models underpinning this
Eνmax-relationship. One construction is to simply admit
that a maximum Γν has been discovered, equal to the
ratio MPlanckMweak ∼ 1017. Another construction postulates a
fundamental “size” given by the Lorentz-contracted in-
verse weak-scale. We offered two possible assignments
for this size, one associated with the highly-relativistic,
weakly-interacting neutrino, the other with fluctuations
in space-time of the Higgs vev as seen by the neutrino.
4We noted that at a Γ of MPlanckMweak ∼ 1017, a number nat-
ural for neutrinos at PeV, the Lorentz-contracted size
is equal to the Planck length. Planck-scale physics then
offers a multiplicity of possibilities for cutting off the neu-
trino energy. As illustration, we listed four possibilities,
each of which would motivate Eq. (1). And there may be
other constructions beyond the ones we listed that are
even “better”, in the sense of being closer to Nature’s
reality.
We have outlined a few observable consequences of our
linear relation between maximum observable energy and
particle mass. Should this relationship hold, it may her-
ald an opening to exploration of physics at the Planck
scale. For all massive particles but the neutrino, the re-
lation appears to imply no new observable phenomenon.
However, for the neutrino the relation implies, in addition
to a ∼PeV cutoff energy, some possible new phenomenol-
ogy. If the neutrino masses are hierarchical so that Eνmax
depends significantly on flavor, then Interesting predic-
tions for the track-to-shower event ratio at the highest
neutrino energies emerge. Also, if neutrinos cannot be
produced above Eνmax, then leptonic and semi-leptonic
decays of mesons are suppressed above some energy; the
charged pion may even become stable [11].
Of course, it must be emphasized that the hypothe-
sis presented herein will be invalidated if neutrinos are
observed with energies exceeding a few PeV.
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